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Zero mode waveguideSingle-molecule ﬂuorescence techniques have developed into powerful tools for studying the kinet-
ics of biological reactions at the single-molecule level. Using ﬂuorogenic substrates, enzymatic reac-
tions can be observed in real-time with single-turnover resolution. The turnover sequence contains
all kinetic information, giving access to reaction substeps and dynamic processes such as ﬂuctua-
tions in the reaction rate. Despite their clearly proven potential, the accuracy of current measure-
ments is limited by the availability of substrates with 1:1 stoichiometry and the signal-to-noise
ratio of the measurement. In this review we summarize the state-of-the-art and discuss these lim-
itations using experiments performed with a-chymotrypsin as an example. We are further provid-
ing an overview of recent efforts aimed at the improvement of ﬂuorogenic substrates and the
development of new detection schemes. These detection schemes utilize nanophotonic structures
such as zero mode waveguides or nanoantennas. Nanophotonic approaches reduce the size of the
effective detection volume and are a powerful strategy to increase the signal-to-noise ratio. We
believe that a combination of improved substrates and novel detection schemes will pave the way
for performing accurate single-enzyme experiments in biologically relevant conditions.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Enzymes are dynamic molecules with the ability of catalyzing
biochemical reactions with high rate accelerations and speciﬁcity.
The origin of this dynamic nature is a multidimensional energy
landscape that does not only deﬁne the 3D structure but also the
catalytic function as well as regulation processes. Over the past
few decades, single-molecule techniques, especially single-mole-
cule ﬂuorescence spectroscopy (SMFS) and microscopy, have
evolved into powerful tools for studying enzymatic reactions.
Advances in measurement technology and the development of
ﬂuorescence-based reporter systems [1–4] have improved the sen-
sitivity and the time resolution to an extent such that dynamic pro-
cesses during the catalytic reaction can be monitored in real-time,
directly giving access to the sequence of events. Temporal ﬂuctua-
tions of enzyme behavior as well as heterogeneities between dif-
ferent enzymes in the population can be determined directly in
single-molecule experiments. This information is inaccessible in
ensemble measurements.Conformational changes can, for example, be monitored utiliz-
ing Förster Resonance Energy Transfer (FRET). FRET is a sensitive
spectroscopic ruler that reports on the distance between two ﬂuo-
rophores in close proximity. The energy transfer efﬁciency is a
direct readout of the ﬂuorophore distance and allows for detecting
distance changes in the range of several nanometers [5–12]. At the
single-molecule level (smFRET), when the donor and acceptor ﬂuo-
rophores are attached to speciﬁc positions on an enzyme, the
energy transfer efﬁciency (EFRET) provides a direct readout of
conformational changes. Ha et al. [5] were the ﬁrst to utilize this
principle for monitoring the conformational dynamics of staphylo-
coccal nuclease. Fluctuations in EFRET occurred on the millisecond
to second timescale, which is characteristic for functionally rele-
vant conformational changes. The strength of this detection
scheme is at the same time one of its biggest weaknesses. In order
to obtain meaningful information about conformational motions,
the locations of the donor and acceptor ﬂuorophores need to be
known exactly. This requires prior knowledge of the enzyme struc-
ture and an advanced speciﬁc labeling procedure [13–15].
smFRET can also be used for following reaction substeps and
intermediate states of enzymes containing an optically active
cofactor, such as in many oxidoreductases. The enzymatic turnover
cycle can be observed directly when the cofactor cycles between an
oxidized and a reduced state with different spectral properties
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states can be used as a FRET acceptor. Labeling the enzyme with
a donor ﬂuorophore in close proximity to the cofactor will conse-
quently lead to changes in the donor ﬂuorescence intensity as a
function of the oxidation state of the cofactor. FRET labeling is
not required when the cofactor itself is ﬂuorescent in its oxidized
state [16–18]. In this case the redox cycling of the cofactor can
be followed directly.
One of the most intriguing discoveries of single-molecule enzy-
mology has been the observation of temporal ﬂuctuations in the
activity of enzymes, a phenomenon named dynamic disorder
[16,22–25]. These temporal ﬂuctuations in the rate-limiting step
have been the basis for the ‘ﬂuctuating enzyme model’ that was
developed to explain these observations [23]. This model relates
ﬂuctuating rate constants with conformational changes, assuming
that each conformation has its own speciﬁc activity. A reliable
identiﬁcation of dynamic disorder requires the detection of a large
number of individual enzymatic turnovers. Sufﬁcient statistics is
required to accurately detect the underlying dynamic processes
that may span a large range of timescales. The acquisition of the
required data is only possible with a suitable reporter system that
allows for long measurement times. The reporter systems men-
tioned above each possess certain technical limitations preventing
such long measurement times and consequently the accurate anal-
ysis of dynamic heterogeneities in the catalytic activity. smFRET
does ‘only’ provide information about conformational changes
but does not directly detect enzymatic turnovers. Cofactor-based
detection schemes are naturally limited to enzymes containing
an optically active cofactor. For both detection schemes, the mea-
surement is based on following the same ﬂuorophore over the time
course of the experiment. The measurement is consequently termi-
nated by photobleaching of the ﬂuorophore, limiting the data
acquisition time for one single enzyme to only a few seconds.
Fluorogenic substrates, which are converted by the enzyme into
ﬂuorescent product molecules, are in principle the only reporter
systems that permit sufﬁciently long measurements. Fluorogenic
substrates are the ideal system for studying enzyme kinetics as aFig. 1. Single-turnover detection with ﬂuorogenic substrates. (a) The laser of a confocal
slip. Every ﬂuorophore produced by the enzyme is recorded in real-time with single-pho
Threshold analysis (b) or change point analysis (c) are used to assign the ON- and OFF-new ﬂuorophore is produced during every enzymatic turnover
[22–24,26–31]. In this paper, we review the current state of sin-
gle-enzyme experiments focusing on ﬂuorogenic substrates as
reporter systems. We will ﬁrst describe the technological require-
ments and the basic experimental setup used for performing these
experiments. In the following, we will describe a recent single-
molecule study of a-chymotrypsin as an example to highlight the
unique information that can be obtained in such an experiment.
Using this same example, the current limitations of the substrate
design and the measurement setup will be discussed together with
recent developments aimed at overcoming these limitations. These
include improved ﬂuorogenic substrates as well as single-molecule
detection schemes. These technological advances have the poten-
tial to improve the signal-to-noise ratio of the measurement and
will ultimately help to perform single-enzyme experiments under
biologically relevant conditions while at the same time allowing
for a more accurate kinetic analysis.
2. Single-turnover detection
The ideal single-turnover measurement requires the direct
observation of every enzymatic turnover with a signal-to-noise
ratio (SNR) high enough for accurate data interpretation (Fig. 1a).
Fluorogenic substrates provide this direct readout of individual
enzymatic turnovers. They consist of a ﬂuorophore linked to a
functional group that is recognized by the enzyme. This functional
group alters the photochemistry of the ﬂuorophore, making it non-
emissive. After enzymatic cleavage of the functional group, the
ﬂuorophore recovers its ﬂuorescence. To be able to follow the
sequence of turnovers, the enzyme needs to be immobilized on
the surface of a glass cover slip. The enzyme itself is also ﬂuores-
cently labeled so that every individual enzyme can be located on
the surface. Upon the addition of substrate, the ﬂuorescence signal
at the position of one enzyme is recorded. Enzyme activity results
in the formation of ﬂuorescent product molecules at this speciﬁc
position on the surface. Using a confocal microscope, every product
molecule is detected as a ﬂuorescence burst above the backgroundmicroscope is focused onto the position of an immobilized enzyme on a glass cover
ton sensitivity yielding the arrival time (‘‘macro-time’’) of every individual photon.
times to the photon arrival time trace.
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window after it has been created by the enzyme. It quickly exits
the detection volume by diffusion. As every turnover yields a
new ﬂuorophore, the measurement time is not limited by photo-
bleaching of the ﬂuorophore but by the accumulation of ﬂuores-
cent product molecules, which results in a reduced SNR.
The choice of ﬂuorophore is critical since its brightness directly
determines the SNR. The measurement setup does not only need to
be sensitive enough to detect every single product molecule, but
also needs to have a high temporal resolution. These criteria are
fulﬁlled by a ﬂuorescence microscope with confocal optics and
avalanche photodiode (APD) detectors [1–4]. In a confocal micro-
scope that is optimized for single-turnover measurements, a colli-
mated laser beam is focused into a diffraction-limited spot using a
microscope objective with a high magniﬁcation and a high numer-
ical aperture. In the most commonly used epi-ﬂuorescence conﬁg-
uration, ﬂuorescence emission from the sample is collected with
the same objective, spectrally separated from the excitation light
with optical ﬁlters and guided to the detector(s). Before reaching
the detector, the emitted light is focused through a small pinhole.
Consequently, only ﬂuorescence originating from the small focal
volume is collected, reducing the size of the detection volume to
approximately 1 femtoliter. This small detection volume facilitates
the required SNR for detecting individual ﬂuorophores. The APD
detector provides single photon sensitivity and the required time
resolution.
Using the setup described above, only the absolute photon arri-
val time (‘‘macro-time’’) is recorded, which gives the ﬂuorescence
intensity (photons/time) of every individual product ﬂuorophore.
Extra information about the catalytic process can be obtained
when the ﬂuorescence lifetime is determined simultaneously in a
so-called time-resolved measurement [30,32,33]. For these mea-
surements the generated ﬂuorophore is excited periodically with
a picosecond-pulsed laser. The emitted photons are detected with
time-correlated single-photon counting (TCSPC) [34,35]. When
using TCSPC, the arrival time relative to the last laser pulse (the
‘‘micro-time’’) is recorded for each photon. Once a sufﬁcient
number of micro-times have been collected, the corresponding
micro-time histogram allows for determining the lifetime of the
ﬂuorophore. The time resolution of modern, fast APDs and photon
counting electronics is in the picosecond range, yielding lifetimes
with high accuracy.
The data analysis procedure for extracting kinetic information
starts with the recorded photon arrival time trace (macro-time
trace). The ﬁrst and most important goal is to obtain a binary
ON–OFF trace (ON–OFF assignment). This binary trace is the basis
for the kinetic analysis of the system. In this binary trace, the time
intervals characterized by high (ON) photon count rates represent
the enzymatic turnovers, while the low-intensity intervals repre-
sent the background noise (OFF). The Poisson nature of single-pho-
ton detection and the background noise consisting of product
diffusion and inelastic scattering add challenges to the ON–OFF
assignment. Two principally different approaches are available
for the ON–OFF assignment. The most commonly used approach
is the so-called threshold method (Fig 1b). When using this
method, the photon arrival time trace is ﬁrst binned to obtain a
photon count (intensity) time trace. A threshold is then applied
to the photon count time trace to separate the ON- and OFF-levels.
An alternative and more recently developed method is change
point analysis [29,36–38]. Change point analysis is a statistical
method for identifying changes in the photon count rate directly
in the photon arrival time trace (Fig 1c). It does not require bin-
ning. Instead, the photon statistics before and after each photon
is compared using a statistical hypothesis test. This test is per-
formed along the complete time trace and evaluates the log-likeli-
hood ratio of the probability for each photon to be an intensitychange point. The photon with the highest probability is assigned
to be a change point. The time trace is then cut into two fragments
at the change point photon and the algorithm is used for both
fragments of the time trace. The process is repeated recursively
until no intensity change points are found in the time trace
anymore.
Once the ON–OFF binary trace has been obtained, multiple
strategies are possible to extract the desired kinetic information
[3,23,29,39–41]. The kinetic constants can be determined by ﬁtting
the probability distribution function of the OFF-time histogram
with a model describing the kinetic process. In the case of a reac-
tion with a single rate constant the OFF-time histogram follows a
mono-exponential decay (straight line in a log-linear plot). In the
case of a dynamic enzyme with multiple active states, the contri-
butions from multiple reaction rates result in a multiexponential
decay proﬁle. For most experimental data obtained so far OFF-time
histograms with a concave shape have been obtained [16,22–
25,27]. It was found that these histograms were ﬁtted best with
a stretched exponential function. This ‘‘stretched exponential’’
was used to describe an enzymatic reaction that exhibits a distri-
bution of rate constants (dynamic disorder). Instead of using the
OFF-time distribution, also the autocorrelation function of the
OFF-times can be used to extract information about the underlying
kinetics. More complex kinetic behavior, such as dynamic disorder,
leads to correlations between consecutive OFF-times, indicating
that OFF-times of similar length are more likely to directly follow
each other. The difﬁculty in obtaining and interpreting the kinetic
information is discussed in the example below.
3. Single-molecule study of a-chymotrypsin
a-Chymotrypsin is a well-studied digestive protease. Catalyzing
the hydrolysis of peptide bonds, its main function is the break-
down of proteins into amino acids. Its activity is tightly regulated
and highly pH-dependent [42,43]. The enzyme exists in a confor-
mational equilibrium involving an active and an inactive confor-
mation [43]. The related conformational changes occur on a time
scale from milliseconds to seconds allowing the conformational
dynamics to be detected in single-molecule experiments. A
detailed single-molecule study of a-chymotrypsin has been
described in a series of papers [29,30,44]. The goal of this study
was to systematically investigate the performance of the currently
used techniques described above and to improve the accuracy of
these methods.
One key feature of many commonly used ﬂuorogenic substrates
is the presence of two functional groups. These double-substituted
ﬂuorogenic substrates require two enzymatic cleavage steps before
the fully ﬂuorescent product is obtained. In most cases the inter-
mediate shows ﬂuorescence in the same wavelength range, how-
ever, its brightness is lower. This signiﬁcantly complicates its
detection in a single-enzyme measurement. Turnovers might be
missed preventing an accurate kinetic analysis. For the a-chymo-
trypsin experiments described here the ﬂuorogenic substrate was
based on the commonly used ﬂuorophore Rhodamine 110
(Rh110). The substrate carries two short peptides coupled to the
two amine groups of the ﬂuorophore to yield the ﬂuorogenic sub-
strate (succinyl-AlaAlaProPhe)2-Rhodamine 110 (sAAPF2-Rh110).
The peptide sequence was chosen to match the amino acid prefer-
ence of a-chymotrypsin. In the case of Rh110, the intermediate is
not only bright enough to be detected [30] but also has a different
ﬂuorescence lifetime than the product (Fig. 2) [30,44].
The activity of single a-chymotrypsin molecules, immobilized
in an agarose gel, was measured using a confocal detection scheme
equipped with TCSPC. After performing the ON–OFF assignment
with change point analysis, the ﬂuorescence lifetimes were deter-
mined for each individual ON- and OFF-state. This lifetime analysis
Fig. 2. Fluorescent reporter system for measuring the activity of a-chymotrypsin at the single-molecule level. The substrate is based on the ﬂuorophore Rhodamine 110. It
carries two peptides bonds that can be cleaved by a-chymotrypsin. Both the ﬁnal product and the mono-substituted reaction intermediate are ﬂuorescent. Differences in the
quantum yields U and the ﬂuorescence lifetimes s allow for a discrimination of these two ﬂuorescent molecules.
Fig. 3. Comparison of the threshold method with change point analysis. Shown are
experimental data obtained for an a-chymotrypsin catalyzed reaction. (a) Depend-
ing on the data analysis method used, the OFF-time histograms show a different
shape. (b) When using the threshold method, correlations between subsequent
turnovers are observed in both the autocorrelation plot and in the 2D-correlograms
(n = 1; timescale 40 ms). No correlations are detected when using change point
analysis. Reprinted with permission from Terentyeva et al. (2012) ACS Nano 6,
346–354 [29]. Copyright 2012 American Chemical Society.
3556 P. Turunen et al. / FEBS Letters 588 (2014) 3553–3563revealed that only the reaction intermediate was produced in the
enzymatic reaction as only the corresponding lifetime of 2.7 ns
was found for the ON-states. Also the OFF-states showed an aver-
age lifetime of 2.5 ns. This result suggests that the background
photons mostly originate from intermediate molecules diffusing
through the detection volume. The measurement was performed
at a substrate concentration of 30 lM, a factor 4x higher than the
apparent KM value of the two-step reaction. Under these conditions
the substrate concentration is far higher than the intermediate
concentration in a single-enzyme experiment. As both substrate
and intermediate compete for binding to the enzyme, the hydroly-
sis of the intermediate is very unlikely. Formation of the Rh110
product would only be possible if the intermediate would be con-
verted to product directly after it has been formed (intermediate
channeling) [45]. The results do not show any evidence of channel-
ing, enabling a direct insight into the reaction mechanism of the
studied two-step reaction. This result allowed the system to be
treated as a reaction with 1:1 stoichiometry, which is ultimately
required for studying the kinetics of the conformational change
and the possible presence of dynamic disorder.
The ability of detecting the intermediate clearly simpliﬁes the
kinetic analysis. At the same time, however, it complicates the
ON–OFF assignment, which precedes the kinetic analysis. The
problem is the low brightness of the intermediate (U = 0.31) that
causes a low SNR. In the case of the described a-chymotrypsin
experiments the SNR was only 2.5. At SNRs below 5 the intensity
distributions of the ON- and OFF-states overlap, hampering an
accurate ON–OFF assignment. For such low SNR cases, the accuracy
of the commonly used binning and thresholding method has been
systematically compared with change point analysis [29]. Both
methods were tested using large sets of simulated data with differ-
ent SNR and intensity levels. Binning and thresholding generally
overestimates the number of short OFF-times. In contrast, the
number of short OFF-times is underestimated when using change
point analysis. This problem is especially dominant when the pho-
ton count rate is low (<4000 cps for background). As change point
analysis is based on a statistical analysis of the photon arrival time
trace, its accuracy depends on the total photon count rate. For both
methods the calculated OFF-time histograms were well repro-
duced when the SNR was high (SNR > 5). When the SNR was low
(SNR < 3), both methods failed to reproduce the predicted OFF-
time histograms accurately.
For the experimental data with a SNR of 2.5 the different meth-
ods gave different turnover rates (26.3 s1 with the threshold
method and 14.5 s1 with change point analysis). In addition, they
produced signiﬁcantly different OFF-time histograms and autocor-
relation results (Fig. 3). The largest difference in the OFF-histo-
grams is observed in the short OFF-time region where threshold
analysis produces a larger number of short OFF-states (Fig. 3a).
This over-representation of short OFF-times resulted in the typi-
cally observed concave shape of the OFF-histogram that was ﬁttedwith a stretched exponential in previous research. The over-repre-
sentation of short OFF-times also explains the higher turnover rate
determined with the threshold method.
More interesting is the appearance of correlations between con-
secutive short OFF-times in the 2D-correlogram when the thresh-
old method is used (Fig. 3b). These correlations are absent in the
case of change point analysis. These results indicate that the obser-
vation of these correlations and the over-representation of short
OFF-times are artifacts originating from threshold analysis. The
fact that change point analysis does neither yield correlations
between consecutive events nor stretched exponential OFF-time
histograms questions the interpretation of previous single-enzyme
experiments where similar results were obtained [16,22–25]. This
systematic analysis clearly highlights that only data with a high
SNR will allow a more detailed kinetic analysis of a-chymotrypsin
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clusions be drawn about the presence or absence of dynamic
disorder.
In summary, the single-molecule experiments performed with
a-chymotrypsin illustrate the unique information that can be
obtained with the current measurement technology. Novel insight
into the order of reaction substeps has been obtained: no product
molecules are formed by intermediate channeling when using dou-
ble-substituted substrates. The low SNR resulting from the low
brightness of the intermediate is the main bottleneck that limits
the information that can be extracted from these measurements.
Advanced data analysis methods alone cannot solve this problem.
Even change point analysis, as an objective method, cannot detect
the intensity change points reliably enough if the SNR of the data is
not sufﬁciently high. The absence of dynamic disorder in the a-
chymotrypsin measurements does not exclude its existence. New
developments addressing both the ﬂuorogenic substrate reporter
systems and the measurement technology are required before
single-turnover measurements can facilitate a more detailed
kinetic analysis and ultimately become a standardized tool for
biochemistry.
Fluorogenic substrates combining 1:1 stoichiometry with a
higher brightness are obviously needed. Despite the high time res-
olution and single-molecule detection efﬁciency, confocal micros-
copy has its limitations when considering the experimental
conditions and the biological relevance of single-enzyme measure-
ments. a-chymotrypsin is a unique example allowing single-turn-
over detection at substrate concentrations above the (apparent) KM
value of the reaction. This is not possible for a large number of
other enzymes. Single-molecule occupancy in a diffraction-limited,
femtoliter-sized detection volume corresponds to picomolar to
nanomolar ﬂuorophore concentrations. This often prevents the
use of substrate concentration above the KM value. The use of
nanophotonic structures is one strategy that has the potential to
overcome these limitations. These structures facilitate a drastic
reduction of the size of the detection volume by either conﬁning
or locally enhancing the excitation light. In the following sections
we will review recent efforts aimed at the development of next-
generation ﬂuorogenic substrates and of detection schemes based
on nanophotonic structures. When combined, these developmentsFig. 4. Examples of Rhodamine 110-based substrates with 1:1 stoichiometry. (a) Ure
derivative with a high brightness (e.g. morpholinecarbonyl Rhodamine 110; MC-Rh11
ﬂuorescent product molecule. The second amino group can be used for coupling the pe
Singapore Green (SG) contains only one amino group. Also in this case, only one funct
Rhodamine 110 (HMRG) only one peptide needs to be coupled to obtain a non-ﬂuorescwill ultimately lead to single-enzyme measurements with drasti-
cally improved SNRs under biologically relevant conditions.
4. Next-generation ﬂuorogenic substrates
Fluorogenic substrates are very powerful reporter systems. The
experiments described above clearly show their potential for mon-
itoring long reaction sequences. They also highlight one of the key
problems of current substrate designs. Rhodamine 110 (Rh110)
and ﬂuorescein are commonly used for the synthesis of ﬂuorogenic
substrates. They are both bright ﬂuorophores that are easily
detected in a single-molecule experiment. But they contain two
functional groups that can be substituted during substrate synthe-
sis. Mono-substituted derivatives of Rh110 are ﬂuorescent and
bright enough to be detected in a single-turnover experiment,
however, with a much lower SNR [30,46]. In contrast, mono-
substituted ﬂuorescein derivatives appear to have a very low quan-
tum yield in the range from 0.0003 to 0.22 [47–50]. Even though no
data is currently available, it appears highly unlikely that mono-
substituted ﬂuorescein derivatives can be detected at the single-
molecule level.
For both Rh110 and ﬂuorescein, next-generation substrates
with only one enzyme-cleavable group have been developed in
recent years. The ﬁrst step towards improved Rh110-based sub-
strates with 1:1 stoichiometry was the development of Rh110
substituted with one urea-group, such as morpholinecarbonyl-
Rhodamine 110 (MC-Rh110; Fig. 4a) [44,51]. The brightness of
mono-substituted Rh110 derivatives depends on the electronega-
tivity of the substituent [44]. Substituents with a higher electro-
negativity cause a stronger distortion of the symmetry of the
xanthene unit of the ﬂuorophore, reducing both its extinction coef-
ﬁcient and its quantum yield. When comparing MC-Rh110 with a
mono-functionalized peptide-Rh110, MC-Rh110 shows a signiﬁ-
cantly higher extinction coefﬁcient (e = 52 000 M1 cm1) and
quantum yield (U = 0.60) than the peptide-derivative
(e = 24 600 M1 cm1; U = 0.31; Fig. 2). As the urea-bond is not
cleaved enzymatically, the relatively bright MC-Rh110 can be used
as a new ﬂuorophore. The remaining amino group of MC-Rh110
can be coupled to a peptide to yield a ﬂuorogenic substrate with
1:1 stoichiometry (Fig. 4a).a-substitution of one amino group of Rhodamine 110 yields a mono-substituted
0). As the urea group is not cleaved enzymatically, MC-Rh110 can be used as a
ptide, yielding a substrate with 1:1 stoichiometry. (b) The asymmetric ﬂuorophore
ional group is available for coupling the peptide. (c) In the case of hydroxymethyl
ent derivative due to spirocyclization of the structure.
Fig. 5. Distribution of KM values containing all enzyme-substrate pairs in the
BRENDA database. Data taken from http://www.brenda-enzymes.info/.
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group for coupling the peptide is the direct replacement of the
amino group with a different functional group. This strategy has
been followed when synthesizing the ﬂuorophore Singapore Green
(SG; Fig. 4b) [52]. SG is a hybrid of Rh110 and the ﬂuorescein ana-
logue Tokyo Green carrying one amino and one hydroxyl group at
the xanthene ring system. SG has a quantum yield of U = 0.5 and
an extinction coefﬁcient of e = 28500 M1 cm1. These values are
similar to mono-substituted peptide-Rh110 derivatives so that sin-
gle-molecule detection should be possible. A more recent approach
is based on a mono-substituted hydroxymethyl derivative of
Rh110 (HMRG; Fig. 4c) [53]. Coupling of only one peptide to HMRG
induces a spirocyclization reaction that disrupts the conjugated
electron system of the xanthene unit. In this way a non-ﬂuorescent
compound is obtained. After enzymatic cleavage of the peptide, the
ﬂuorescent form of HMRG (e = 57 000 M1 cm1; U = 0.81) is
recovered.
Besides yielding 1:1 stoichiometry, the Rh110 derivatives MC-
Rh110 and SG have one additional advantage. Depending on the
amino acid sequence of the peptide coupled, the substrate might
become less water-soluble, limiting the highest concentration that
can be used in the experiment. In the case of MC-Rh110, the mor-
pholinecarbonyl group can be readily replaced with a different and
more water-soluble urea-substituent. In the case of SG, the hydro-
xyl group can, for example, be functionalized with a short, water-
soluble poly(ethylene glycol) chain. Overall, asymmetric ﬂuoro-
phores provide numerous possibilities for introducing additional
functionality into these ﬂuorogenic substrates, improving their
properties.
In parallel to the above efforts aimed at the development of
mono-substituted Rh110 derivatives, several mono-substituted
ﬂuorescein derivatives have been synthesized. In analogy to MC-
Rh110, one hydroxyl group of ﬂuorescein can be converted into a
methoxy group to yield the ﬂuorophore 3-O-methyl ﬂuorescein.
This ﬂuorescein derivative has been used to synthesize the phos-
phatase substrate 3-O-methyl ﬂuorescein phosphate [54]. To best
of our knowledge nothing is known about the brightness of this
ﬂuorophore in comparison to other weakly ﬂuorescent mono-
substituted ﬂuorescein derivatives [47–50]. A more controlled
strategy for obtaining ﬂuorescein derivatives with 1:1 stoichiome-
try is based on tuning the redox potential between the xanthene
unit and the benzene ring [55]. This redox potential has a direct
inﬂuence on the photophysical properties of ﬂuorescein deriva-
tives. Making use of the ﬂuorescein derivative Tokyo Green, it
was possible to tune the system in a way that the coupling of an
enzyme-cleavable group changed the redox potential such that
the quantum yield was lowered toU = 0.01. After enzymatic cleav-
age the redox potential is shifted back to its original value and the
ﬂuorescence was recovered (U = 0.85). In this way, enzyme sub-
strates for b-galactosidase [55] and alkaline phosphatase [56] have
been designed.
None of the mono-substituted Rh110 and ﬂuorescein deriva-
tives described above have been tested in single-molecule experi-
ments so far. Even though they appear to have a high potential, it is
currently not clear if the substrates are indeed ‘dark’ and the prod-
ucts sufﬁciently bright for single-turnover experiments. In order to
obtain a high SNR, the residual ﬂuorescence of the substrate is
crucial and critically determines the highest useable substrate con-
centration. In currently used confocal detection schemes it is, for
example, impossible to use the mono-functionalized peptide-
Rh110 intermediate as a substrate, even though this is possible
in ensemble experiments. In a single-molecule experiment, several
of these substrate molecules are always present in the detection
volume. Even though the brightness of these molecules is low, they
would still generate a strong ﬂuorescence background reducing the
SNR. This problem can be overcome with the use of improveddetection schemes based on nanophotonic metal structures that
reduce the effective detection volume.
5. Nanophotonic structures for single-enzyme experiments
The maximum concentration that still allows single ﬂuorophore
occupancy in the detection volume of diffraction-limited optics is
in the low nanomolar range. This is demonstrated routinely in ﬂuo-
rescence correlation spectroscopy (FCS) experiments where molec-
ular diffusion can be measured with a high SNR [57,58]. These
maximally allowed concentrations could become a problem in sin-
gle-enzyme experiments with ﬂuorogenic substrates. Even the
most pure substrates contain at least 0.1% of ﬂuorescent product
molecules. This is a direct consequence of the synthetic procedure
used to prepare these substrates, where the ﬂuorophore is one of
the starting materials. Following coupling of the functional groups,
the obtained ﬂuorogenic substrate needs to be separated from the
starting material (ﬂuorophore). Even with the best puriﬁcation
procedure, trace amounts of ﬂuorophore always remain in the
newly synthesized substrate. Autohydrolysis of the substrate can
further lead to an increase in the ﬂuorophore concentration during
the experiments, thereby causing a decrease in the SNR over time.
Whereas trace amounts of impurities are usually not a problem in
ensemble measurements, they have a signiﬁcant effect on the SNR
in single-molecule experiments. Assuming 0.1% of ﬂuorescent
impurities, it is not possible to use substrate concentrations above
10 lM as the substrate will contain 10 nM ﬂuorescent impurities.
As the average KM value of an enzyme is in the range between
100 lM and 1 mM (Fig. 5), single-turnover measurements are gen-
erally limited to substrate concentrations below the KM value. In
this range, substrate diffusion to the active site might become
the rate-limiting step and determine the kinetic behavior of the
enzyme.
Reducing the size of the effective detection volume overcomes
these problems, but is a technologically challenging solution. Many
technological developments during the past decade have facili-
tated a reduction of the effective size of the detection volume
[59]. When using Total Internal Reﬂection (TIR) illumination the
size of the excited volume is deﬁned by an evanescent wave that
decays exponentially from the sample surface. In this way the
excited volume is reduced in the z-dimension. As a result, the
effective detection volume is approximately 2.5-fold smaller than
for confocal detection schemes [60,61]. The Near-Field Scanning
Optical Microscope (NSOM) also makes use of an evanescent wave
to excite ﬂuorescence on a sample surface. [62,63]. The excited vol-
ume is spatially conﬁned at a scanning probe tip that contains an
aperture with a typical diameter of 50 nm. As the light intensity
is localized at the aperture, the size of the detection volume is
reduced by approximately 1000-fold. NSOM is mainly an imaging
technique that is not easily applicable in single-turnover
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be placed close to the enzyme for the whole duration of the
measurement.
5.1. Zero mode waveguides
As demonstrated by the NSOM, nanophotonic structures can
offer a powerful strategy for conﬁning the excitation light. Zero
mode waveguides (ZMWs) use the same fundamental operating
principle as NSOM, but are more easily implemented for single-
turnover experiments. ZMWs are nanophotonic structures that
consist of an array of mostly round holes milled in an opaque
metallic ﬁlm supported by a glass surface (Fig. 6). When the hole
diameter is well below the excitation wavelength, no light above
a certain cut-off wavelength can propagate through the hole thus
creating a decaying evanescent wave at the entrance of this aper-
ture. This cut-off wavelength and the attenuation factor of the
propagating modes depend on the shape and size of the aperture
[64–66]. In theory, the excited volume in the apertures of a ZMW
array is deﬁned by the diameter of the aperture and the character-
istic decay length of the evanescent wave. ZMW arrays are usually
fabricated using electron-beam lithography or focused ion-beam
milling. First, a 150-400 nm thick metal ﬁlm is deposited on a
microscope cover slip. Aluminum or gold is generally used as a
material. In the next step, apertures with a typical diameter rang-
ing from 30 to 250 nm are milled into the metal. The size of these
apertures ensures cut-off for wavelengths in the 450-700 nm
range, which is the wavelength range required for the most com-
monly used organic ﬂuorophores.
The potential of ZMW arrays for reducing the size of the detec-
tion volume was ﬁrst demonstrated in an FCS measurement where
the diffusion of Rh110-labeled dCTP nucleotides was observed. In
this experiment apertures with a diameter of 43 nm were fabri-
cated in an aluminum ﬁlm. For this aperture size the effective
detection volume was estimated to be approximately 20 zL, which
is three orders of magnitude smaller than with diffraction-limitedFig. 6. Typical layout of a single-turnover experiment in a zero mode waveguide
(ZMW) array. The ZMW array is fabricated in a gold or aluminum layer deposited on
a glass cover slip. Individual enzyme molecules are immobilized on the glass
surface at the bottom of the holes where the intensity of the evanescent ﬁeld is
highest.detection schemes [64]. In the FCS experiment, this small size of
the detection volume facilitated single-molecule occupancy at a
ﬂuorophore concentration of 10 lM. The FCS measurement further
showed a signiﬁcant reduction of the diffusion time of Rh110-dCTP
to only a few microseconds. This is one order of magnitude faster
than in a diffraction-limited detection volume and further conﬁrms
the reduced size of the detection volume.
The major advantage of using ZMWs instead of NSOM for sin-
gle-turnover experiments is that they act as a nanoaperture and
a reaction vessel at the same time (Fig. 6). Enzymes can be immo-
bilized on the glass surface at the bottom of the nanostructure
where the conﬁned excitation intensity is highest. This approach
has been used for following the activity of T7 DNA polymerase at
the single-enzyme level [64]. The enzyme was immobilized in
43 nm-sized apertures in an aluminum waveguide structure. The
enzyme concentration was adjusted such that statistically only a
fraction of apertures contained a single enzyme. Polymerase activ-
ity was then measured using the intrinsically ﬂuorescent substrate
coumarin-dCTP at a concentration of 7.5 lM. Fluorescence bursts
were detected and could be clearly distinguished from the back-
ground caused by the diffusion of ﬂuorescent nucleotides. Enzy-
matic turnovers could further be discriminated from diffusion
events based on the residence time of the ﬂuorophore in the detec-
tion volume, which was signiﬁcantly longer in the case of a nucle-
otide incorporation event. The ability to use an intrinsically
ﬂuorescent substrate based on a coumarin dye highlights the
unique potential of nanostructures for single-enzyme experiments.
Coumarin derivatives have a low excitation coefﬁcient, which is
not sufﬁcient for single-molecule measurements in diffraction-lim-
ited volumes [67]. In the ZMW structure, however, the signiﬁcantly
smaller detection volume facilitates the discrimination of this ﬂuo-
rophore from the ﬂuorescent background.
Following these proof-of-principle experiments, the measure-
ment setup was developed further to facilitate DNA sequencing
[68]. To be able to monitor nucleotide incorporation in real-time,
the four different nucleotides were labeled with spectrally distin-
guishable ﬂuorophores. In this way, nucleotide incorporation could
be monitored for thousands of single polymerase molecules simul-
taneously using a large ZMW array and an advanced parallel con-
focal multichannel detection scheme [69]. Each nucleotide
incorporation event was detected as a ﬂuorescent burst in one of
the spectral channels with a high SNR (SNR = 25) allowing for the
speciﬁc assignment of the different DNA bases. In addition to
obtaining the nucleotide sequence, the data also contained kinetic
information, i.e. the duration of each nucleotide incorporation
event. This information has, for example, been used for extracting
differences in the polymerase reaction rate for different methyla-
tion states [70].
Despite their high potential, ZMWs are still only rarely used for
studying single-enzyme kinetics. One important drawback, limit-
ing the attractiveness of the ZMW-based detection system, is the
stochastic nature of the enzyme immobilization procedure. Con-
sidering the theoretical Poisson limit, maximally 37% of the aper-
tures can be ‘ﬁlled’ with exactly one single enzyme when adding
an enzyme solution to the nanostructure. Moreover, the immobi-
lized enzymes cannot be speciﬁcally placed in the center of the
aperture. Individual enzyme molecules are located at different dis-
tances from the metal wall of the aperture resulting in heterogene-
ities in the ﬂuorescence excitation and emission properties. To
overcome these problems, an atomic force microscope (AFM)
based ‘‘cut-and-paste’’ technique was recently developed [71,72].
With this technique an individual molecule can be picked up with
the AFM cantilever, transported and subsequently placed into a
ZMW aperture. The cut-and-paste process can be repeated until
all apertures are ﬁlled with exactly one molecule. Resulting from
the high positional accuracy of the AFM, this method also ensures
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so that heterogeneities in the ﬂuorescence properties are reduced.
In a very recent report, DNA origami was introduced as an alterna-
tive strategy to improve the process of placing single molecules
into the apertures [73]. With DNA origami [74,75] well-deﬁned
DNA nanostructures can be assembled that allow for the position-
ing of ﬂuorophores, nanoparticles and biomolecules. On a DNA ori-
gami scaffold the position of each oligonucleotide is known with
nanometer precision. Oligonucleotides modiﬁed with functional
groups can therefore be integrated into the origami structure at
predeﬁned positions. Using this approach, disc-shaped nanoadap-
ters were designed that matched the size of the apertures. The
nanoadapters were immobilized on the surface of the ZMW via a
biotin-neutravidin interaction, thereby ensuring that maximally
one nanoadapter was present per aperture. The nanoadapters were
further labeled with a single ATTO647N dye to allow for their
detection. In this way, single-molecule occupancy was observed
in 60% of the apertures, thereby overcoming the theoretical Poisson
limit of 37%.
5.2. Fluorescence enhancement by metal nanostructures
One characteristic feature of ZMWs is that they do not only con-
ﬁne the excitation volume. The nanostructure can also enhance the
signal detected from a ﬂuorophore thereby improving the SNR
even further [76–78]. An enhancement of 6.5-fold was, for exam-
ple, reported for the ﬂuorophore Rhodamine 6G in the 150 nm
holes of an aluminum ZMW [76]. A 12-fold enhancement was
found for Alexa Fluor 647 in a gold structure with 120 nm holes
[77,78]. In these examples, the enhancement originates from the
energetic coupling of the ﬂuorophore with electron oscillations
(surface plasmons) on the metal surface. If these surface plasmons
are resonant with the excitation or emission wavelength of the
ﬂuorophore, they can enhance the ﬂuorescence [65,79].
The presence of surface plasmons affects both ﬂuorescence exci-
tation and emission. The plasmons can increase the excitation
intensity by locally enhancing the optical ﬁeld inside the aperture
[76]. The surface plasmons further inﬂuence the de-excitation path-
ways causing an increased quantum yield and a shorter ﬂuores-
cence lifetime [78]. The enhancement is stronger for low
quantum yield ﬂuorophores. It allows the detection of these ﬂuoro-
phores in a ZMW structure with a SNR improved by one order of
magnitude [80], eventually facilitating their use for ﬂuorogenic
substrates in single-enzyme experiments. The enhancement factor
does not only depend on the ﬂuorophore but also on the metal and
the geometry of the nanostructure. Compared to aluminum, gold
possesses stronger surface plasmon resonances in the visible range.
This directly leads to a stronger ﬂuorescence enhancement in the
600–700 nm range, but can also inﬂuence the ﬂuorescence signal
in an unfavorable way at lower wavelengths. The geometry of the
aperture and the surrounding metal structure further inﬂuence
the emission directivity. Ideally using speciﬁcally designed nano-
structures, the emitted photons can be directed towards the detec-
tor [65,81]. A ﬂuorescence enhancement of 120-fold combinedwith
a 13.6-fold increase in emission directionality was recently demon-
strated for the ﬂuorophore Alexa Fluor 647when the ZMWaperture
was surrounded by periodic corrugations [82]. These results show
that an optimization of the nanostructure parameters is a promis-
ing route towards increasing the enhancement factor and the
potential of ZMW structures in general.
5.3. Optical nanoantennas
ZMWs make use of nanoapertures for reducing the effective
detection volume and for enhancing the local excitation ﬁeld. This
can also be obtained with nano-sized optical antennas that arespeciﬁcally designed to harness plasmonic effects. In contrast to
ZMWs, the antenna geometry is designed such that it optimizes
the local excitation ﬁeld. It concentrates the excitation intensity
from the surroundings and creates a localized excitation hotspot
[83,84]. A metal nanoparticle can be considered as the simplest
optical nanoantenna. A 10-fold ﬂuorescence enhancement has,
for example, been reported for the ﬂuorophore Nile Blue in the
immediate vicinity of gold or silver nanoparticles [85]. The
enhancement factor is strongly dependent on the particle-ﬂuoro-
phore distance. At very short distances (<15 nm) also ﬂuorescence
quenching can become dominant [86]. Intensive research efforts
are currently directed at understanding the interaction between
ﬂuorophores and metal nanoantennas with the goal of optimizing
the ﬂuorescence enhancement [84]. The local ﬁeld enhancement
can be signiﬁcantly improved when the excitation hotspot is cre-
ated between two point sources [87]. This requires fabrication of
the nanoantenna structure with high precision in the nanometer
range as the ﬁeld enhancement critically depends on the gap
between these point sources. Focused ion beam lithography and
electron beam lithography are typically used for antenna fabrica-
tion. In the following three typical antenna designs that show the
biggest potential for biological applications such as single-enzyme
experiments will be highlighted.
The ﬁrst successful design that showed a high ﬂuorescence
enhancement for single ﬂuorophores utilized a bowtie-shaped
nanoantenna structure [88]. The bowtie nanoantenna was fabri-
cated on a quartz cover slip and consists of two triangle-shaped
gold tips that point towards each other (Fig. 7a). The excitation
hotspot is located in the gap between the two tips. The terrylene
derivative TPQDI was used for the quantiﬁcation of the ﬂuores-
cence enhancement in the excitation hotspot. The TPQDI molecules
were randomly immobilized in a PMMA layer that covered the
whole antenna array. When a single TPQDI molecule was located
in the antenna hotspot, an impressive 1340-fold ﬂuorescence
enhancement was observed for this low quantum yield
(U = 0.025) ﬂuorophore. The enhancement factor was dependent
on the gap size (5–80 nm). Antennas with the smallest gap sizes
yielded the highest enhancement.
When considering the use of this design for a single-enzyme
experiment, the bowtie design suffers from one important draw-
back: freely diffusing ﬂuorophores contribute to the background
signal. In contrast to ZMWs, the excited volume surrounding the
small antenna hotspot is not geometrically conﬁned and ﬂuores-
cence from a larger diffraction-limited volume is collected. Com-
pared to the antenna hot spot, this diffraction-limited volume
contains a signiﬁcantly larger number of ﬂuorophores. Even
though these ﬂuorophores are not affected by the ﬂuorescence
enhancement, they will still contribute to the detected signal, sig-
niﬁcantly reducing the SNR when high ﬂuorophore concentrations
are used.
This problem was overcome with the use of a so-called
‘antenna-in-box’ design (Fig. 7b) [89]. In this design the nanoan-
tenna was placed inside a ZMW aperture. The excitation hotspot
was created in the gap between two half-spheres with a diameter
of 76 nm. These half-spheres were located inside a rectangular
aperture with the dimensions of 290 nm x 100 nm. The perfor-
mance of this design was characterized with FCS measurements
of freely diffusing Alexa Fluor 647 ﬂuorophores. A ﬂuorescence
enhancement of 1100-fold was observed, combined with an effec-
tive detection volume of 58 zL, which is almost four orders of mag-
nitude smaller than a diffraction-limited volume.
For both the bowtie and the ‘‘antenna-in-box’’ designs the con-
trolled immobilization of the molecule of interest in the hotspot
is difﬁcult. It requires advanced nanopositioning approaches such
as the AFM cut-and-paste strategy used for ZMWs [72]. Self-
assembled nanoantennas based on DNA origami [74,75] are an
Fig. 7. Typical optical nanoantenna designs. (a) In the case of a bowtie nanoantenna the excitation hotspot is located between the tips of the bowtie. The gap distance lies
between 5 nm and 80 nm. (b) The ‘antenna-in-box’ design combines an antenna structure made from two half-spheres (gap distance between 12 nm and 40 nm) with a
rectangular nanoaperture. (c) Using a well-deﬁned DNA origami structure, an antenna can be assembled on the DNA template using two nanoparticles (gap distance 23 nm).
All nanostructures are made of gold.
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nanoscale assembly technique has been used to create a DNA
nanopillar carrying two gold nanoparticles with a gap distance of
23 nm (Fig. 7c) [87]. This DNA nanopillar was further functional-
ized with several biotin molecules allowing its upright attachment
to a neutravidin functionalized microscope cover slip. Most impor-
tantly, the nanopillar contained a special docking site for the mol-
ecule of interest in the antenna hotspot between the nanoparticles.
When one ATTO647N ﬂuorophore was positioned in the hotspot, a
117-fold ﬂuorescence enhancement was observed. Subsequently,
the conformational dynamics of the Holliday junction were visual-
ized with this setup. Unfortunately, no measurements with freely
diffusing ﬂuorophores have been carried out yet, so that no infor-
mation is available about the SNR that could be achieved in sin-
gle-enzyme measurements.
In summary, nanophotonic structures have the potential to
overcome current bottlenecks in single-enzyme experiments. The
conﬁnement of the effective detection volume allows the use of
higher substrate concentrations while ensuring a high SNR. The
ﬂuorescence enhancement effect further facilitates the use of sub-
strates based on ﬂuorophores with a low brightness. In combina-
tion, this gives access to a larger number of substrate designs
with 1:1 stoichiometry that can be used in the biologically relevant
concentration range. ZMW nanoapertures have already developed
into a powerful detection scheme for single-turnover detection.
Optical nanoantennas, designed to optimize the local ﬁeld
enhancement, are a possible alternative approach. They are under
intensive development and a number of designs have been pro-
posed in the past few years. Initial results with biological systems
are very promising and their implementation for single-enzyme
experiments can be expected in the near future.
6. Conclusions
Single-enzyme experiments allow for studying the kinetics of
enzymatic reactions in real-time, giving access to possible tempo-
ral heterogeneities in the reaction rate. Fluorogenic substrates are
ideal reporter systems. They allow for following the catalytic reac-
tion for extended periods of time thereby providing the time
sequence (and statistics) of a large number of individual enzymatic
turnovers. Current bottlenecks, such as the stoichiometry of the
substrates and the low SNR of diffraction-limited detection
schemes, complicate the data analysis and limit the information
that can be extracted from single-enzyme experiments. New devel-
opments need to focus on strategies that facilitate the accurate
detection of every individual turnover with a high SNR in order
to facilitate a detailed kinetic analysis. The development of next-
generation ﬂuorogenic substrates with 1:1 stoichiometry and the
implementation of new detection schemes based on ZMW nanoap-
ertures and optical nanoantennas are crucial improvements. The
ideal single-enzyme experiment combines the developments fromboth ﬁelds, allowing single-enzyme measurements to be per-
formed with a drastically improved SNR under biologically rele-
vant conditions. These strategies will push single-enzyme
experiments to the next level and ultimately answer the question
if enzyme kinetics is or is not characterized by dynamic disorder.
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